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Abstract—Extensible magnetic resonance coupling-based 
wireless power transfer (WPT) systems are presented in this 
paper. A transmitter (Tx) containing an 8-shape loop and two 
resonators is proposed to construct a bipolar Tx array. A unipolar 
receiver (Rx) is placed above the Tx perpendicularly to overcome 
the power null phenomenon. The proposed structure ensures that 
magnetic flux lines are confined in the vicinity of the Rx, leading to 
a high power transfer efficiency over a wide range of lateral 
misalignment distances. Experiments demonstrated that the 
proposed WPT system can achieve an efficiency of 87% under 
perfectly aligned operating conditions, and maintain over 70%  
efficiency from 0 to 30 mm lateral misalignment distances. Based 
on the proposed Tx module, a single feed Tx array is constructed 
to further increase the charging area. The power transfer 
efficiency of a 1×2 array system is between 57.5% and 71.6% 
without the power null phenomenon. Meanwhile, the concern of 
heating due to magnetic field leakage can be significantly 
mitigated. These designs are proved to be very good candidates for 
dynamic WPT applications. 
 
Index Terms—Dynamic wireless charging, high efficiency, 
misalignment and wireless power transfer. 
 
I. INTRODUCTION 
IRELESS power transfer (WPT) technology has been 
applied to a wide variety of portable consumer electrical, 
medical, and industrial devices. It has attracted considerable 
interests and already been proposed for moving objects [1][2]. 
The WPT systems concerning the charging of moving objects 
can be divided into three broad categories, namely, static 
wireless charging [3], dynamic wireless charging (DWC) [4] 
and Quasi-DWC [5][6]. 
A review of the state-of-the-art WPT for moving objects 
indicates that maintaining high-power and high-efficiency when 
charging a moving object is still a challenge for many DWC 
systems [7]. DWC transfers the energy using the magnetic 
coupling between a transmitter and pick-up coils [8]-[9]. The 
maximum power transfer efficiency (PTE) will only be 
achieved with perfect alignment, and the efficiency will 
decrease rapidly with misalignment. For moving objects, power 
pads that composed of six main components were designed and 
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optimized in [10]. In that work, the maximum efficiency was 
achieved with a minimum amount of ferrite. To further decrease 
deployment cost, an ultra-slim S-type power supply rail was 
proposed in [11]. This power supply rail had a width of only 4 
cm. A thin S-shape core was used, and a vertically wound 
multi-turn coil was placed inside the core. However, the transfer 
efficiency is still very low in such schemes, because only a small 
portion of the primary loop contributed to power transfer when 
the DWC system was working. 
By contrast, misalignment is a serious issue for DWC system. 
Anti-misalignment WPT systems can maintain a high efficiency 
over a wide range of misalignment conditions [12]. In [13], a 
dual-loop primary controller was used to regulate primary-side 
power and current against lateral misalignment. However, only 
40% efficiency was achieved in the power null point. 
To increase the coupling coefficient between the transmitter 
and pick-up coils and reduce magnetic flux leakage, bipolar coil 
topologies with the double-D (DD) shape is widely used for 
DWC applications of moving objects. However, the power null 
phenomenon will significantly affect the transferred power level 
when the Rx moves to the intermediate position between two 
transmitter coils, causing power pulsation. Hence, the PTE and 
power pulsation are the main challenges for moving objects 
charging using DWC technique [14]. In [15], a bipolar coil 
topology with the double-D (DD) shape and a quadrature coil 
(Q-coil) was used as the pick-up coil to receive more power in 
the power null point. However, adding another coil to the Rx 
would cause other challenges and problems. For instance, the 
output of the DD coil and the Q-coil are not in phase. As a result, 
the Q-coil required an individual compensation and rectifier 
circuit. This results in more power consumption and higher cost 
in the system. Moreover, shielding of transmission and pick-up 
coils requires to be considered for a DWPT system. Induction 
heating phenomena will occur when the operating frequency of 
the WPT system is up to tens of kHz [16]. Ferrite bars and 
aluminum plates are usually placed above coils to mitigate those 
problems [17]. 
Recently, many 3-D WPT applications are proposed 
[18]-[20]. Horizontal, vertical and omnidirectional scenarios 
are studied. These scenarios could raise the concern of end users 
to meet different requirements of practical applications. In [18], 
a 3-D WPT system was proposed for laptop applications, where 
the receiver coil was installed on the screen surface that is 
perpendicular to the ground plate when the laptop was charged. 
However, the power transfer efficiency in these studies is 
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limited. In [18] and [19], the maximum power transfer 
efficiencies were 50% and 13%, respectively. In this paper, a 
WPT system suitable for vertical charging with 87% maximum 
power transfer efficiency is proposed. It could be a suitable 
choice for these applications. 
In the previous paper [21], a novel WPT system with a 
perpendicular structure is proposed. The charging module 
consists of an extensible modularized array to improve the 
capacity of maintaining high efficiency when the receiver is 
moving horizontally. In this paper, a mathematical model is 
derived to calculate the maximum PTE for the proposed WPT 
system. Meanwhile, the reason why the proposed method can 
mitigate the power null problem is explained in detail. Another 
advantage of the proposed system is analyzed and verified in 
this paper. That is, there is very little magnetic flux leakage 
beyond the charging area of the proposed WPT system. The 
induction heating caused by is minimal, and the EMC/EMI 
performance is also better. 
The paper is organized as follows. Section II describes the 
design and simulation results of the proposed WPT system. 
Section III presents the experimental results of the proposed 
system. Finally, conclusions are drawn in Section IV. 
II. OPERATING PRINCIPLE OF THE PROPOSED SYSTEM 
A. Mathematic Modeling and Analysis 
“Vertical charging” can be useful in many applications as 
show in Fig. 1. There are many other potential applications too, 
such a vertical display unit installed on a horizontal platform or 
a warehouse robot moving on a fixed track. 
To offer greater flexibility when the object to be wirelessly 
charged is vertical, an 8-shape coil structure was introduced to 
design resonators in a transmitter [23]. In this work, a WPT 
system with a perpendicular Tx-Rx charging structure using an 
8-shape feed loop is proposed as shown in Fig. 2. The Rx is 
placed perpendicularly above the center of the Tx. This is 
defined as the “perfectly aligned” position of the proposed 
system. For conventional WPT systems, the coils are usually 
installed in the supporting holder right underneath the charging 
object as shown in Fig. 1(a). With the proposed design, the 
supporting part can be a plastic holder only as shown in Fig. 
1(b). This would significantly increase the flexibility of the 
charger. It can increase the lifespan of the charger as well for 
mechanical reasons, since the holder can be very light, and it 
does not have to be connected to the docking base electrically. 
The holder can be very small, or not needed at all if the device, 
such as an LED display, can be held up vertically by other 
means. Furthermore its charging efficiency can be maintained 
high when the receiver is tilted at different angles, which will be 
explained in Sect II.B 
The Tx has two individual resonators and an 8-shape feed 
loop. The Rx consists of one resonator and the load loop. The 
simplified schematic of the proposed WPT system is shown in 
Fig. 3. According to [24], the reflected impedance Zrefpq at the 
resonant frequency ω0 from coil q to coil p can be expressed by   
 
where 𝑀pq is the mutual inductance between the pth and qth coils 
(p, q = 0, …, 4), defined as Mpq= kpq√(LpLq). 𝑀01, 𝑀02, 𝑀12, 𝑀13, 
𝑀23 and 𝑀34 represent main inductive couplings in the WPT 
system.  
All three resonators in the proposed WPT system are 
designed with identical parameters L1=L2=L3, R1=R2=R3 and 
C1=C2=C3. When the Rx is moving along the x-direction, the 
whole WPT system is symmetrical with respect to the x-z plane 
as shown in Fig. 4. Therefore, it can be approximated that the 
mutual inductance between the feed loop and Resonator 1 (M01) 
equals to the mutual inductance between feed loop and 
 
(a)                                                      (b) 
Fig. 1.  (a) A typical and (b) the proposed WPT system for portable devices, 
where the Rx is installed in the phone and Tx is installed in the wireless charging 
pad.  
     
Fig.2. 3-D view of the proposed WPT structure.  
 
Fig. 3.  Simplified schematic of the proposed WPT system. 
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Resonator 2 (M02). Similarly, M13=M23 and M14 =M24 can be 
obtained due to symmetry. Then, Zref01=Zref02, Zref13=Zref23 and 
Zref14=Zref24. Thus, the power transfer efficiency of the proposed 
WPT system can be obtained by the product of the efficiency on 
each coil/loop can be expressed as (2) as shown next page. 
 
The output power of the WPT system can be expressed as  
 
Pout=I42RL                                   (3) 
 
Normaly, Pout peaks when Rs=Re(Zin). Re(Zin) can be 
calculated according to  
 
Re(Zin)=R0+Zref01+Zref02+Zref03                  (4) 
 
When the WPT system is operating at the resonant 
frequency. The current on each coil/loop can be expressed as 
              
How different coupling terms in the proposed 
configuration affect efficiency and power will be analyzed 
according to (1) and (3). To yield the maximum PTE, the 
optimal mutual inductances should be 
         
M13 (or k13) varies with the lateral displacement Δd, which 
is the misalignment distance when the Rx is moving along the 
rail in the x-axis direction. The four main coupling terms need to 
satisfy Rs=Re(Zin) and (7) at the same time to make sure the 
WPT system can achieve the maximum output power and  PTE. 
Normally, since the range of some coupling terms are limited by 
applications, the optimal values of other coupling terms should 
be calculated based on the fixed ones [25]. Parameters of the 
proposed circuit are listed in Table I in Section III. The 
calculated optimal values of the main couplings are: k01=0.247, 
k34=0.33, k12=0.04 and k13=0.077.   
Analytically, the relationship among the coupling coefficient 
k23, d and Δd can be expressed using Neumann formula [26], 
numerical iterations [27] and Biot-Savart law [28]. In this study, 
Computer Simulation Technology (CST) and Maxwell, the 
software packages based on high precision Finite Element 
Analysis, are used to evaluate the mutual inductances, coupling 
coefficients and optimal distances for convenience. The 
maximum PTE is achieved if the Rx is placed doptimal above the 
Tx when they are aligned, and αis misalignment angle between 
Rx and line perpendicularly with Tx. The operating frequency is 
selected to be 13.56 MHz, which is the resonant frequency of all 
resonators in the system. The value of the external capacitors 





The cross-coupling between Tx side coils is M12. The critical 
value of M12 can be calculated according to (7) as 
 
It is noted that there is a dip near the resonant frequency 
when the cross coupling is relatively strong. The dip will 
disappear when k12 is smaller than the critical value. RL and M13 
need to satisfy (7) to achieve the best performance of the 
proposed WPT system. In this study, a VNA was used to 
measure the PTE of the WPT system. For convenience, the 
input and output impedances were set to 50 Ω. Then, M13 was 
optimized to achieve the optimal performance. 
B. The Proposed WPT System 
As shown in Fig. 5, the Tx in a conventional four-coil WPT 
system is unipolar. The flux lines leave the top surface and enter 
the bottom surface of the Tx, and vice versa periodically. For 
the Tx in the proposed WPT system, due to the use of the 
8-shape feed loop, the current goes in the clockwise direction in 
one part and in the anti-clockwise direction in the other part. 
This results in a bipolar structure for the Tx. The top surface of 
the Tx has both north pole and south pole as shown in Fig. 6. 
Magnetic flux lines leave the top region of one coil in the Tx and 
enter the top region of the other coil in the Tx through the Rx. 
Another common issue associated with WPT is the 
induction-heating phenomenon [16]. Compared with the WPT 
system using a unipolar Tx, the magnetic field is confined to a 
small space above the Tx in the proposed WPT system. This 
would significantly reduce the heat induced by magnetic field 
leakage to any metal parts close to the WPT system. This makes 
 
Fig. 4.  Magnetic field distribution of the four-coil WPT system. 
 
Fig. 5.  Magnetic field distribution of the proposed WPT system. 
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the proposed WPT system even more suitable for DWC of 
moving objects. The robustness of the proposed WPT system 
maintaining high efficiency against lateral displacement Δd was 
analyzed, where Δd was varied from 0 to 70 mm with a step of 
10 mm. As shown in Fig.6 (a) and (c), the real part of the input 
impedance at the resonant frequency declined very slowly when 
the misalignment is from 0 to 25 mm. The imaginary part of the 
input impedance for different Rx positions against frequency 
was shown in Fig.7 (b). The proposed WPT system can 
maintain high efficiency and output power against lateral 
displacement.  
 Meanwhile, the charging efficiency can be maintained high 
when the receiver is tilted at different angles as shown in Fig. 7. 
The mutual coupling terms M13, M23, and PTE are simulated, 
where α is varied from 0 to 90 degrees with a step of 5 degrees. 
According to Fig. 7, M13 increases when Rx is titled from its 
perfect aligned position to Resonator 1, M23 decreases slowly at 
the same time. As a result, the sum of the mutual inductances 
between all Tx resonators and the Rx, ABS(M13+M23), has very 
little changes when the Rx is tilted between +/- 40⁰. Thus, the 
whole WPT system will have a stable PTE against the tilted 
angle of the Rx. This feature is especially beneficial if the 
device is being used when charging, since a user can tilt the 
device at different angles very easily without degrading 
efficiency. 
C The Proposed WPT System for DWC 
Bipolar coil topology is widely used for DWC of moving 
object applications. It not only increases the coupling 
coefficient between the Tx and Rx, but also reduces magnetic 
flux leakage [17]. However, eliminating the power null 
phenomenon is still a main challenge. A typical DWC system 
with bipolar coil topology is shown in Fig. 8. Parameters of the 
simulation circuit are listed in Table I in Section III. The 
structures of the Tx and Rx are the same when using the DD type 
of bipolar coils. Two Txs are placed below the Rx for DWC. 
When the Rx moves along the two Txs, in the middle point the 
net magnetic flux on the Rx becomes zero as shown in Fig. 8. At 
this point, there is no power transferred from the Tx to the Rx.  
The sum of mutual inductances between all Tx coils and the 
Rx can be used to evaluate the total power transferred in a 
multi-Tx DWC system [29]. The mutual inductance MRTi 
between the ith Tx (i=1,2) and the Rx can be obtained by 
simulation using the software package Maxwell. The variation 
of the mutual inductance with respect to distance is shown in 
Fig. 9. The absolute value of the sum of MRT1 and MRT2 is 
denoted as ABS(MRT1+MRT2). It can be seen that MRT1 varies 
from a high positive value to a negative value when the Rx 
moves along the Txs. MRT2 has a symmetrical varying profile 
with MRT1. Hence, ABS(MRT1+MRT2) fluctuates from the 
maximum to zero and back to the maximum. When 
ABS(MRT1+MRT2) reaches zero, no power is transferred in the 
WPT system. 
One conventional method to eliminate the power null 
phenomenon is to add another rectangular coil (Q-coil) to the 
Rx, which composes a DDQ type Rx. When the Rx moves to the 
null power point, the DD coils stop receiving power from the 
Tx. The net magnetic flux on the Q-coil reaches its maximum. 
Conversely, the net magnetic flux on the Q-coil decreases to 
zero when the Rx moves to the aligned position, where the DD 
coils on the Rx produce the maximum power. Therefore, the 
DDQ design can mitigate the power null phenomenon and 
 
Fig. 8.  Diagram to illustrate the power null phenomenon. This is the 3-d view 
of a WPT system with DD coils when the Rx is placed on the null power point. 
The magnetic flux lines are highlighted to describe that the net flux on the Rx is 
zero at this point. 
 





Fig. 10.   The mutual inductance against Δd of the WPT systems using (a) the 
DD type of coils and (b) the proposed WPT system. 
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
5 
reduce the power fluctuation. However, adding another coil to 
the Rx would cause other challenges and problems. Firstly, the 
manufacturing cost would be increased. Secondly, the Q-coil 
needs to be optimized carefully. Study [30] has focused on this 
research topic. It makes the whole WPT system much more 
complex. Moreover, due to that the reflected impedance from 
the Q-coil to the Tx is different from that of the DD coil, the 
output of the DD coil and the Q-coil are not in phase. As a result, 
the Q-coil required an individual compensation and rectifier 
circuit. This results in more power consumption in the system 
and lower PTE. 
 
The proposed 1×2 DWC system is shown in Fig. 7(d). 
Parameters of the simulation circuit are listed in Table I in 
Section III.  The Rx in the proposed WPT system is placed 
perpendicularly with the Tx and it moves along the x-axis. 
When the Rx moves along the travel direction, flux lines go 
through it from the one side to the other side. Hence, the net 
magnetic flux on the Rx would not be zero. These mutual 
inductances are calculated using Maxwell and shown in Fig. 10. 
The mutual inductance between the Rx and the ith Tx (i =1, 2) is 
denoted as MRTci. The absolute value of the sum of MRTc1 and 
MRTc2 is denoted as ABS(MRTc1+MRTc2). It can be found that 
MRTc1 and MRTc2 are always in-phase as shown in Fig.10. 
Therefore, the power null phenomenon is very significantly 
mitigated in the proposed WPT system. Compared with the 
simulation results in Fig. 9, ABS(MRTc1+MRTc2) varies in a much 
smaller range, which means the output power fluctuation can be 
drastically reduced in the proposed WPT system. The proposed 
WPT system maintains the advantage of using bipolar coils by 
confining magnetic flux lines in a smaller space, thereby 
reducing the concern about field leakage. 
D The Proposed Extensible WPT System 
 To further increase the wireless charging area, a 
multi-transmitter structure can be constructed. However, a 
traditional WPT system with multiple transmitters requires that 
the transmitters are synchronized in frequency, phase, and 
amplitude [31]. This results in a complicated control 
mechanism and structure. Even though all transmitters were 
synchronized as required, the WPT system would still have 
 
(a)                                                        (b) 
 
(c)                                                       
Fig.6. (a) The real part of the input impedance of the WPT system and (b) the 
imaginary part of the input impedance for different Rx positions (lateral 
displacement Δd) against frequency. (c) The real part of the input impedance 
and output power against M13 and lateral displacement Δd.   
 
 




Fig. 11.  (a) Diagram of the extensible module. (b)Magnetic field distribution 






Fig. 12.  (a) Diagram of a 1×2 Tx array. (b) Magnetic field distribution on the 
surface of the 1×2 Tx array. 
 
 
Fig. 13.  Diagram of a 1×n Tx array. 
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power null phenomena as introduced above. 
A study in [32] used a planar array for the Tx to increase 
the charging area. The planar array of a conventional 
magnetically coupled resonance (MCR)-WPT system has a 
fixed feed loop to drive resonators in the Tx [33]. Using the 
proposed structure, a modularized array can be constructed with 
simpler transmitter connections. 
Fig. 11 (a) shows the proposed bipolar Tx as introduced in 
Section II.A, which can be used as an extensible module. When 
an AC power source is connected between the two connection 
terminals, the current flowing through the feed loop can 
generate magnetic field of opposite directions on the two 
resonators of the module. If the north pole is generated in the red 
region, the south pole will be generated in the blue region. The 
magnetic field strength H on the surface of the module is 
simulated by using CST and shown in Fig. 11 (b).  
The feed loops in the modules can be connected in series to 
form a planar 1×n Tx array. In the simplest scenario when only 
two modules are needed, connection of the two modules is 
shown in Fig. 12(a). The feed loops in Module 1 and Module 2 
are connected through the connection terminals. Such 
connections ensure that the current flowing through the two feed 
loops has the same direction in the two modules. Therefore, the 
poles in the red region are the same, and are opposite from those 
in the blue region. The simulated magnetic field distribution is 
shown in Fig. 12(b). 
According to the same principle, the proposed extensible 
WPT can enlarge the charging area further by increasing the 
number of modules in the Tx. Fig 13 demonstrates a 1×n Tx 
array which can be used in a DWC system. As long as the Tx 
modules are in phase, synchronization is not needed. The 
proposed WPT system can generate a stable magnetic field on 
the surface of the Tx, which ensures that the WPT system will 
continue to work with high efficiency when the Rx is moving 
along the symmetrical line.  
III. EXPERIMENTAL VALIDATION 
The proposed WPT system with a single charging module 
was fabricated on an FR4 printed circuit board (PCB) with a 
double layer structure as shown in Fig. 14. Inductive coils and 
feed/load loops were constructed by copper tracks on the PCB, 
whose thickness and width are denoted as hc and wc, 
respectively. The feed loop was fabricated on both layers of the 
PCB to form an “8” shape, as shown in Fig. 14 (a) and (b). The 
load loop for the Rx was fabricated on the top layer as shown in 
Fig. 14 (c). All resonators in the proposed WPT system had the 
same dimensions. They were fabricated on one side of the PCB 
connected with external capacitors soldered on the other side to 
form resonators. Parameters of the fabricated circuit are listed in 
Table I.  The experimental setup of the proposed WPT system 
with a single Tx module is shown in Fig. 15. The Rx was placed 
perpendicularly above the Tx module, so that they were aligned 
with each other. 
An Anritsu MS46322B vector network analyser (VNA) was 
used to measure the PTE of this WPT system. S-parameters 
were utilized as an indicator for power transfer performance of 
the WPT system.  |S21|2 can be used to evaluate the efficiency of 
the WPT system. In the aligned condition as shown in Fig. 15, 
the maximum efficiency can be achieved with a charging height 
of 5 mm, where S11 = -26.8 dB and S21 = -0.6 dB at the operating 
frequency of 13.56 MHz. The maximum efficiency is calculated 
to be 87.1%. The conventional four-coil WPT system was 
fabricated for comparison, whose Tx and Rx had the same 





Fig. 14.   Photographs of (a) the top layer of the fabricated Tx module; (b) the 
bottom layer of the fabricated Tx module; (c) the top layer of the fabricated Rx 
and (d) the bottom layer of the fabricated Rx. 
 
Fig. 15.    The experimental setup of the proposed WPT system with a single Tx 
module. 
TABLE I 
PARAMETERS OF THE FABRICATED CIRCUIT 
Parameters Value Unit 
Turns of resonator coil 5 NA 
Copper Height hc 0.035 mm 
Track Width wc 1 mm 
Space Between Tracks ls 1 mm 
widths of the Tx lwT 63 mm 
widths of the Rx lwR 63 mm 
length of the Tx llT 131  mm 
Capacitance of external capacitor (Ce) 60 pF 
Self-inductance of resonator coil  2.320 μH 
Self-inductance of feed loop  0.911 μH 
Self-inductance of load loop 0.544 μH 
Self-inductance of DD-coil 6.808 μH 
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PTE achieved was 85%. 
The robustness of the proposed WPT system maintaining 
high efficiency against lateral displacement was measured. The 
misalignment was varied from 0 to 70 mm with a step of 10 mm. 
At each distance, the S-parameters were measured to calculate 
the efficiency.  
Fig. 16 (b) shows the measured efficiency as a function of the 
Δd. The efficiency declined slowly when the misalignment is 
from 0 to 25 mm.  From 25 to 35 mm, there is still strong and 
consistent coupling existing between the Rx and Tx and the 
efficiency was still over 60%. After a misalignment distance of 
35 mm, the efficiency dropped rapidly, because the overlapping 
area of the Rx and Tx was less than half of the maximum 
physical size of the Tx or Rx. Therefore, no strong coupling 
existed between the Rx and Tx after this point. The designed 
WPT system had over 70% efficiency when the misalignment 
distance varied from 0 to 30 mm which was 42.9% of the width 
of the Tx or Rx.  
The performance of the proposed WPT system was also 
compared with the conventional WPT system with a four-coil 
structure shown in Fig. 16 (a). For fair comparison, the  
 
 
Fig. 19. Measured results of the proposed WPT system against angular 
misalignment. The performance is compared with other work. 
 
Fig. 20. Experimental setup of the proposed WPT system when charging a 
battery load. 
 
Fig. 21. Measured results of the proposed WPT system when charging a battery. 
conventional WPT system was fabricated on a PCB with the 
same overall dimensions as the proposed one.perfectly aligned 
with Module 1 to the position where the Rx is The experimental 
setup for the proposed extensible WPT system is shown in Fig. 
18(a). The Tx is extended to a 1×2 array with connections 
described in Section II.C. The two Tx modules with a separation 
distance of 1 mm were connected in  
 
(a) (b) 
Fig. 16.    Measured results of (a) the conventional and (b) the proposed WPT 
system against lateral displacement. 
 
 
Fig. 17.    WPT efficiencies of the systems with the proposed single-module Tx 
and the conventional Tx. 
 
    
                               (a)                                                               (b) 
Fig. 18.  Measurement results of (a) WPT efficiency as a function of the 
misalignment distance of the proposed WPT system with a 1×2 array Tx and (b) 
S21 against the misalignment distance. 
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series to form the Tx. The Rx remained unchanged and was 
placed above the Tx at the optimal distance. The PTE versus the 
lateral misalignment distance Δd is shown in Fig. 18(b). The 
performance of the extensible WPT system with a moving Rx is 
measured. The lateral misalignment distance was changed with 
an increment of 10 mm from the position where the Rx is 
aligned with Module 2. The efficiency decreases very slowly 
when the displacement of the Rx was less than the 40 mm. After 
a lateral displacement of 40 mm, the coupling between the Rx 
and Module 2 in the Tx became stronger. This leads to an 
increasing efficiency for the distance from 40 mm to 70 mm. 
The efficiency increases to the peak again when the Rx is 
perfectly aligned with Module 2 in the Tx. This process would 
repeat when the Rx is moving further towards the next module. 
Fig. 18 (b) shows the measured S21 of the 1×2 array system 
with respect to the lateral displacement. Compared with the 
results shown in Fig. 16, the S21 is much more stable so that the 
proposed extensible WPT system has a much better 
performance against lateral displacement. The WPT system 
with a 1×2 Tx array can achieve 71.6% maximum efficiency 
when the Rx was aligned with Module 1 or Module 2. The 
minimum efficiency of the proposed WPT systems is better than 
57% at all positions. It validates that the proposed WPT system 
can significantly reduce the output fluctuation and overcome the 
power null phenomenon. It is noted that there is a “valley” near 
the resonant frequency. This is because two charging modules 
are place close to each other so that the 1×2 Tx array has another 
self-resonant frequency near the resonant frequency. Since 
usually WPT systems are only operated at the system resonant 
frequency, this “valley” would not affect the performance of the 
system.  
The simulated and measured PTEs versus angular 
misalignment are shown in Fig. 19. The angular misalignment α 
was changed with an increment of 5 degrees from its prefect 
aligned position. The efficiency changes very slowly and the 
value is over 75% when α is in the range of ±40 degrees. The 
simulated and measured results are in good agreement. These 
results are compared with other angular misalignment tolerant 
WPT systems [34] - [36]. Both Tx’s in study [34] and [35] have 
a spherical shape, which results in a complicated structure and 
limited applications. In study [36], there are two coils in the Rx 
and they are orthogonal with each other, which is not very 
suitable for portable devices. Both Tx and Rx in the proposed 
design have a planar structure, which is much more suitable for 
practical applications. 
 Experimental setup of the proposed WPT system charging a 
battery load is shown in Fig. 20. A power amplifier was used to 
generate input power at 13.56 MHz for the WPT system. A 
rectifier circuit was added between the Rx and the battery load. 
A 4.8 V, 150 mAh rechargeable battery was charged. The 
proposed WPT system was measured when the Rx was placed in 
its perfectly aligned position. The PTE was defined as the ratio 
of battery charging power to the output power of the power 
amplifier. The measured efficiency and output power as a 
function of the input power is shown in Fig. 21. The output 
power and input power have a good linear relationship. The 
PTE is stable when the input power was changed from 0.25 W to 
2.5 W. Because the rated current of the battery is 500 mA, the 
experiment test was limit to 2.5 W. Higher power is achievable 
if the coils are constructed accordingly [37].  
The proposed WPT system demonstrates a technology with 
great potential for many practical applications. For static 
wireless charging applications, the proposed design can be 
utilized to charge devices such as phones, tablets, LED displays, 
where these devices can be placed vertically to the chargers. For 
dynamic wireless charging applications, the proposed 
extensible WPT system is suitable for charging mobile robots 
when they move along a fixed trace or a sliding rail, such as 
carrier robots in a smart warehouse. 
IV. CONCLUSION 
In conclusion, an extensible WPT system with a bipolar Tx 
and a perpendicular Rx-Tx structure has been proposed in this 
paper. An 8-shape feed loop and two resonators were used to 
construct a bipolar Tx module. The Tx module can be easily 
extended to a bipolar Tx array. This feature enables the 
proposed WPT system to have an excellent extensibility.  
The output power fluctuation can be significantly reduced 
using this bipolar Tx array. The proposed WPT system can 
overcome the power null phenomenon very effectively 
compared with the method of using DDQ coils. Since the 
unipolar Rx and bipolar Tx are placed perpendicularly with 
each other, the magnetic flux lines are mainly confined in the 
vicinity of the WPT system. As demonstrated by experiment, 
the proposed extensible WPT system can achieve a high 
efficiency of 57% - 71.6% when an Rx moves along a 
two-module Tx. 
The proposed design will also significantly minimize the 
effect of surrounding metal parts on the WPT system, since the 
magnetic field is mainly distributed in the vicinity of the 
charging area. The proposed WPT system presents a technology 
with great potential for many practical designs.  
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